Introduction
post-implantation or in long-term peri-implantitis 20) . In this study, titanium with nanonetwork structure (TNS) was further modified with Ag nanoparticles by immersing in AgNO 3, followed by ultraviolet chemical reduction to enhance its antibacterial activity. In addition, the material was coated with NAC through layer-by-layer assembly method to reduce intracellular ROS levels and further enhance the antibacterial effect. The antibacterial activity of this material was tested against Staphylococcus aureus and Actinomyces oris. S. aureus is the most common pathogen in peri-implantation infections, especially suppurative implant sites 21) , however its ability to adhere and form biofilms is weaker than those of early colonizers such as A. oris 22) , which is prevalent in shallow, deep, and very deep periodontitis 23) . In addition, A. oris adheres and forms biofilms more efficiently than other common pathogens in peri-implantitis. Thus, anti-attachment and anti-biofilm activity against A. oris may also prevent adherence of common agents of peri-implantitis, including S. aureus and P. gingivalis, which can then be easily eliminated by the immune system as planktonic cells. Meanwhile, rat bone marrow mesenchymal stem cells (rBMMSCs) were also utilized in this study for analyses of biocompatibility of this material, as these cells are at the forefront of the osseointegration process. We anticipate that our results will provide a rationale for applying NAC and Ag on orthopedic and dental implants.
Materials and Methods

Materials, experiment reagents and bacteria purchase
Medically pure titanium was purchased from Engineering Test Service Ltd. (Osaka, Japan). Ethanol, methanol, acetone, and AgNO 3 were purchased from Nacalai Tesque Inc. (Kyoto, Japan). NAC was obtained from Sigma-Aldrich Ltd. (St. Louis, MO, USA), whereas trypticase soy agar and broth were procured from Becton, Dickinson, and Company. S. aureus (ATCC 12600) and A. oris (MG-1) were purchased from the Department of Bacteriology, Osaka Dental University.
Fabrication of titanium discs
Discs of grade 2 commercially pure titanium (diameter 12 mm, thickness 1 mm) were successively polished to 800# using SiC abrasive paper. The discs were then ultrasonically cleaned in acetone, ethanol, and deionized water for 10 min each, and air-dried at room temperature overnight. To generate surface nanonetwork structures, cleaned titanium discs were immersed in 10 M NaOH at 30°C for 24 h, rinsed several times with ion-exchanged water until the conductivity of the solution dropped below 5 μS/cm 3 , and air-dried at room temperature overnight. Subsequently, some alkali-treated discs were immersed in 0.1 M AgNO 3 at 40°C for 3 h, lightly washed in deionized water, air-dried, irradiated for 15 min at λ = 254 nm and 100 mW/cm 2 , and ultrasonically washed in ion-exchanged water for 1 min. All discs were then sterilized in 75% ethanol for 15 min and stored in sterile conditions. For coating, Agdoped discs were immersed in 2 mM and 5 mM NAC and air-dried on a clean bench in several cycles until appropriate amounts of NAC were deposited. All titanium discs were divided into the following four groups: TNS (titanium with nanonetwork structure), TNS-Ag (Ag-doped titanium with nanonetwork structures), Ag-NAC-2 (Ag-doped titanium with nanonetwork structures coated with 2 mM NAC) and Ag-NAC-5 (Ag-doped titanium with nanonetwork structures coated with 5mM NAC).
Surface characterization
The discs were imaged using an S-4800 scanning electron microscope (Hitachi Ltd., Tokyo, Japan) to assess surface topography. Sam-ples were also analyzed using the Kratos Axis Ultra X-ray photoelectron spectroscope (Shimadzu Ltd., Kyoto, Japan) to assess the chemical composition. Contact angles were measured at room temperature on a DSA 10 Mk2 drop shape analysis system (KRÜSS Ltd., Hamburg, Germany) using 2 µl double distilled H 2 O.
Antibacterial activity
For antibacterial rate, S. aureus (ATCC 12600) and A.oris (MG-1) were streaked on trypticase soy agar and incubated at 37°C for 24 h under aerobic conditions. A single colony was subsequently picked and cultivated overnight in 2 ml trypticase soy broth. This seed culture was then diluted in fresh trypticase soy broth to optical density 0.1 at 600 nm that measured on a colourwave colorimeter (Colourwave CO7500 colorimeter, Funakoshi Ltd., Tokyo, Japan), of which 1 ml was seeded on discs in standard 24-well polystyrene culture plates, and incubated aerobically at 37°C for 24 h. After incubation, the bacteria adhered on the discs were collected ultrasonically in 5 ml fresh broth, incubated aerobically at 37°C for 24 h, and the optical density at 600 nm was measured on the same colorimeter. Antibacterial activity was calculated as % = (A-B)/A × 100%, where A is the optical density at 600 nm of bacteria attached on TNS, and B is the optical density at 600 nm of bacteria attached on TNS-Ag, Ag-NAC-2 and Ag-NAC-5.
For bacterial formation and attachment, seed cultures of A. oris (MG-1) were obtained as described, diluted to optical density 0.1 and 1.0 at 600 nm to assess biofilm formation and attachment, respectively, seeded on discs as described, and incubated for 6-24 h and 1-6 h, respectively. To assess bacterial attachment, the bacterial suspension was removed after incubation, and the discs were gently transferred to a fresh 24-well polystyrene culture plate, rinsed with 1 ml sterile phosphate-buffered saline (PBS) to dislodge and remove unattached bacteria, and stained for 15 min with Live/Dead® BacLight™ bacterial viability kit (L7012) following the manufacturer's instructions. Excess dye was then removed, and the discs were immediately photographed on a cover glass under an LSM700 confocal laser-scanning microscope (Carl Zeiss Ltd., Oberkochen, Germany). To assess biofilm formation, the discs were rinsed with PBS, incubated for 20 min at room temperature with 2 ml 0.05% w/v crystal violet dye, rinsed thrice with PBS to remove residual dye, transferred to a new 12-well plate, and destained for 20 min at room temperature with rotary shaking in 1 ml 95% ethanol. After destaining, 100 µl ethanol was transferred to each well and the absorbance at 595 nm was determined on a SpectraMax M5 96-well microplate reader (Molecular Devices Ltd., Sunnyvale, CA, USA).
Biocompatibility
rBMMSCs were harvested from the femurs of 8-week-old Sprague-Dawley rats (SHIMIZU Laboratory Supplies Co., Kyoto, Japan), resuspended in Eagle's minimum essential medium containing 10% fetal bovine serum and antibiotic-antimycotic mix (all from Nacalai Tesque Inc., Kyoto, Japan), and cultured at 37°C in a humidified atmosphere with 5% CO 2 . The medium was replaced after every 3 d. At ~80% confluency, the cells were treated with 0.5 g/l trypsin and 0.53 mmol/l EDTA (Nacalai Tesque Inc., Kyoto, Japan), and seeded in 24well plates containing titanium discs at 4 × 10 4 cells/well. The culture medium was subsequently replaced after every 3 d.
Cell viability was analyzed at 1, 4, and 7 d using CellTiter-Blue® cell viability assay (Promega Co., Madison, WI, USA), according to the manufacturer's protocol. Briefly, the samples were washed with PBS, treated for 1 h at 37°C with 300 µl diluted CellTiter-Blue® reagent (50 µl CellTiter-Blue® reagent diluted in 250 µl PBS), of which 100 µl was transferred to a new 96-well tissue culture plate and assayed for fluorescence at 560/590 nm using a SpectraMax M5 microplate reader (Molecular Devices Ltd., San Jose, CA, USA).
To evaluate alkaline phosphatase activity, 4 × 10 4 cells were seeded on discs immersed in α-MEM (Nacalai Tesque, Kyoto, Japan) containing 10% fetal bovine serum, antibiotic-antimycotic mix, 10 mM β-glycerophosphate (Wako Pure Chemical Industries, Osaka, Japan), ascorbic acid (Nacalai Tesque Inc., Kyoto, Japan), and 10 nM dexamethasone (Nacalai Tesque Inc., Kyoto, Japan). The differentiation medium was changed after every 3 d. After 7 or 14 d, the samples were washed with PBS and lysed with 300 µl of 0.2% Triton X-100. The resulting lysates were transferred to microcentrifuge tubes and assayed using enzyme-linked immunosorbent assay (Sigma-Aldrich Ltd., St. Louis, MO, USA) following the manufacturer's protocol and 200 µl p-nitrophenyl phosphate as the substrate. The reaction was terminated by adding 50 µl 3 N NaOH, and p-nitrophenol release was quantified at 405 nm using SpectraMax® M5 (Molecular Devices Ltd., San Jose, CA, USA). Alkaline phosphatase activity was normalized to DNA content, which was determined using PicoGreen dsDNA assay kit (Thermo Fisher Life Technologies Ltd., Tokyo, Japan).
To assay intracellular ROS, rBMMSCs were incubated on titanium discs for 3 d. The medium was then replaced with 1 ml fresh medium containing 5 µM CellROX® oxidative stress reagents (C10422, Thermo Fisher Life Technologies Ltd., Tokyo, Japan), and the samples were incubated at 37°C for 15 min, washed thrice with PBS, fixed in 4% paraformaldehyde for 15 min at room temperature, and imaged using an LSM700 confocal laser-scanning microscope (Carl Zeiss Ltd., Oberkochen, Germany). The fluorescence intensity of the images were analysed by the embedded software of the confocal laser-scanning microscope.
Statistical analysis
Surface characteristics, bacterial experiments, and cell experiments were each conducted in triplicate. All quantitative results were expressed as means ± standard deviations. Results were evaluated by oneway analysis of variance (ANOVA) and Bonferroni's post hoc test using SPSS 20.0 software (IBM Co., Armonk, NY, USA); p < 0.05 was considered statistically significant.
Results
Surface characteristics
As shown in Fig. 1 , nanoscale reticular network structures were formed on titanium surfaces immersed in strong alkali for 24 h. These structures were slightly damaged after subsequent immersion in AgNO 3 and ultraviolet chemical reduction, although small white particles, probably Ag and 10~40 nm in size, were abundantly and uniformly deposit- ed. Compared to TNS and TNS-Ag, certain small molecules were deposited on the Ag-NAC sample surface. These molecules attached to the reticular nanoporous structure on the surface but did not completely cover the surface such that the structures were still clear and distinct. In addition, Ag-NAC-5 showed more attached molecules than Ag-NAC-2, and the small white particles were observed on both Ag-NAC-2 and Ag-NAC-5 surfaces.
On photoelectron spectroscopy (Fig. 2) , Ag 3d doublet peaks were observed in TNS-Ag, Ag-NAC-2, and Ag-NAC-5, but not in TNS. Theses peaks were observed at 374.0 eV (Ag 3d3/2) and 368.0 eV (Ag 3d5/2), confirming that the small particles deposited after immersion in AgNO 3 are metallic Ag. In addition, sulfur 2p electrons were detected only in Ag-NAC-2 and Ag-NAC-5, indicating successful coating.
As shown in Fig. 3 , TNS are hydrophilic, with a contact angle ~7°. Notably, the contact angle significantly increased to 56° after doping with Ag. However, subsequent coating with 2 mM NAC dramatically Ag-NAC-5 Ag-NAC-2 TNS-Ag TNS decreased the surface contact angle to approximately 4°, suggesting that surface hydrophilicity was restored. Notably, materials coated with 5 mM NAC were slightly less hydrophilic than those coated with 2 mM NAC. Since surface hydrophilicity promotes adhesion of bone cells and is a critical indicator of biocompatibility, we anticipated that cells will be recruited more efficiently to the Ag-NAC samples.
Antibacterial activity
As shown in Fig. 4 , the antibacterial activity of S.aureus in 24 h is 89% for TNS-Ag, and 87% and 86% for Ag-NAC-2 and Ag-NAC-5, respectively. The antibacterial rate of A.oris in 24 h is slightly higher than S.aureus, 95% for TNS-Ag, 94% and 94% for Ag-NAC-2 and Ag-NAC-5, respectively. These results indicate that TNS-Ag effectively kills attached bacteria, and that coating with NAC does not compromise this property.
Materials incubated for 1, 3, and 6 h with A. oris were visualized using Live/Dead staining (Fig. 5 ) to enumerate live (green) and dead (red) bacteria. TNS were rapidly colonized in 1-6 h with almost 100% viable adherent bacteria. However, colonization on TNS-Ag was severely impaired even after 6 h due to loss of viability of most of the adhered cells. Similar results were obtained on Ag-NAC-2 and Ag-NAC-5. A. oris biofilms were also steadily formed in 6-24 h on TNS, but not on TNS-Ag, Ag-NAC-2, and Ag-NAC-5 (Fig. 6) . These results confirm that doping with silver nanoparticles effectively inhibits bacterial attachment, proliferation, and biofilm formation, and that coating with NAC does not compromise antibacterial activity.
Biocompatibility
Based on the viability of seeded rBMMSCs after 1, 4, and 7 d, TNS-Ag is clearly cytotoxic and poorly biocompatible (Fig. 7a) . In contrast, Ag-NAC samples were more biocompatible, with cell viability increasing for 7 d. In particular, cell viability was better on Ag-NAC-5 than on Ag-NAC-2. In agreement with these results, the expression of alkaline phosphatase, a marker of osteoconductivity and early osteogenesis, was lowest after 7-14 d on cells seeded on TNS-Ag (Fig. 7b ), but was induced at 14 d in cells seeded on Ag-NAC samples. Collectively, these results indicate that NAC effectively reduces the cytotoxicity of TNS-Ag. In addition, intracellular ROS, as quantified using a novel probe that fluoresces only upon oxidation ( Fig. 8 ), accumulated within 3 d in cells seeded on TNS-Ag, compared to cells seeded on TNS. Importantly, ROS accumulation was lower on cells seeded on Ag-NAC-2 and Ag-NAC-5, compared to cells seeded on TNS. Indeed, the loss of intracellular ROS was more pronounced in cells seeded on Ag-NAC-5, suggesting that NAC inhibits Ag-induced ROS production in rBMMSCs.
Discussion
The antibacterial mechanism of Ag-NP-doped titanium is still being investigated. A recent study demonstrated that the antibacterial effect of Ag-NP-doped titanium relies on electron-transfer-based ROS production 10) . Electron transfer occurs between Ag-NPs and the titanium base substrate, which produces extracellular ROS and elevates oxidative stress at the cell-titanium interface, as well as intracellular ROS, which disrupts bacterial respiration and causes physiological changes, resulting in bacterial death. However, as an antioxidant coating used in the present study, NAC does not protect the bacteria from ROS attack induced by TNS-Ag. We speculate that this interesting result may be related to a certain degree of antibacterial activity of NAC. NAC has been demonstrated to be a non-antibiotic compound that possesses antimicrobial activity towards endodontic pathogens and effectively decreases bacterial biofilm formation 24, 25) . Microbial biofilms are bacterial communities with high cell densities in a matrix of hydrated extracellular polymeric substances, which are mostly composed of polysaccharides 26, 27) . NAC can reduce the production of extracellular polysaccharides, thereby disrupting biofilm maturation and reducing bacterial attachment 28, 29) . Another possible reason for the antibacterial activity of NAC is the intracellular overproduction of reduced glutathione. NAC is a precursor of reduced glutathione 30) . Actinomycetes do not synthesize GSH but produce mycothiol (MSH) as a major thiol 31) . GSH is toxic to Actinomycetes because the presence of high concentrations of intracellular GSH may result in redox imbalance in Actinomycetes, which contains an alternative thiol for regulating redox activity 32) . Notably, TNS doped with Ag and coated with NAC is slightly less toxic against S. aureus, which uses glutathione to preserve the intracellular redox balance. In any case, the results clearly show that Ag-doped titanium and Ag-doped titanium coated with NAC possess strong antibacterial activity against S. aureus and A. oris.
The results of biocompatibility analysis demonstrated that the cytotoxicity of TNS-Ag was effectively improved by NAC coating through suppressing intracellular ROS production. Previous research has confirmed that oxidative stress is a critical mechanism of Ag-induced cytotoxicity 33) . Indeed, excess ROS may not only damage mitochondria, but also exacerbate ROS formation since mitochondria are the principal source of intracellular ROS in most mammalian cells 34) . In addition, Ag nanoparticles were shown to induce DNA damage and cell apoptosis through membrane peroxidation, ROS, and oxidative stress 35, 36) . Therefore, reducing oxidative stress may significantly improve the biocompatibility of Ag nanoparticles, and hence, NAC was used in this study as an antioxidant. Following cell uptake, NAC is rapidly deacetylated into cysteine and eventually converted to glutathione, a potent cytoprotectant that removes intracellular and extracellular ROS 37, 38) . Thus, NAC protects cells from oxidative stress by increasing antioxidant defense capacity 39) and direct scavenging activity 40, 41) . Moreover, NAC was reported to promote osteogenesis in titanium implants 42, 43) by enhancing differentiation of bone marrow stromal cells into osteoblast precursor cells and eventually into secretory osteoblasts 44) , further highlighting its value in implants. However, extensive studies are required to reveal the mechanism underlying inhibition of ROS production by Ag nanoparticles on titanium implant surface, and in vivo experiments are warranted for verifying the anti-ROS overproduction effect of NAC-coated Agdoped TNS.
In conclusion, titanium with nanonetwork structures were sequentially doped with Ag nanoparticles to enhance antibacterial activity and then coated with NAC to improve biocompatibility. Compared to titanium with nanonetwork structures, Ag-doped titanium with nanonetwork structures exhibited significantly decreased hydrophilicity, which was, however, restored by coating with NAC. Ag-doped titanium with nanonetwork structures was also strongly antibacterial and cytotoxic to a certain extent for rat bone marrow mesenchymal stem cells. Coating with NAC did not compromise the antibacterial activity, but effectively improved biocompatibility by suppressing intracellular ROS production. Thus, NAC coating may be of clinical use in Ag-doped titanium implants with nanonetwork structures.
